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Abstract: Diallyl disulfide (DADS) is a natural organosulfur compound isolated from 
garlic. DADS has various biological properties, including anticancer, antiangiogenic, and 
antioxidant effects. However, the anticancer mechanisms of DADS in human esophageal 
carcinoma have not been elucidated, especially in vivo. In this study, MTT assay showed 



Int. J. Mol Set 2014, 15 



12423 



that DADS significantly reduced cell viability in human esophageal carcinoma ECA109 
cells, but was relatively less toxic in normal liver cells. The pro-apoptotic effect of DADS 
on ECA109 cells was detected by Annexin V-FITC/propidium iodide (PI) staining. Flow 
cytometry analysis showed that DADS promoted apoptosis in a dose-dependent manner 
and the apoptosis rate could be decreased by caspase-3 inhibitor Ac-DEVD-CHO. 
Xenograft study in nude mice showed that DADS treatment inhibited the growth of 
ECA109 tumor in both 20 and 40 mg/kg DADS groups without obvious side effects. 
DADS inhibited ECA109 tumor proliferation by down-regulating proliferation cell nuclear 
antigen (PCNA). DADS induced apoptosis by activating a mitochondria-dependent 
pathway with the executor of caspase-3, increasing p53 level and Bax/Bcl-2 ratio, and 
downregulating the RAF/MEK/ERK pathway in ECA109 xenograft tumosr. Based on 
studies in cell culture and animal models, the findings here indicate that DADS is an 
effective and safe anti-cancer agent for esophageal carcinoma. 

Keywords: esophageal carcinoma; DADS; apoptosis; animal model 



1. Introduction 

Esophageal carcinoma is among the most common tumors in the world, ranking eighth in 
occurrence and sixth in mortality [1]. Approximately 70% of global esophageal carcinoma cases occur 
in China and the five-year survival rate is only 10% [2]. Generally, esophageal carcinoma patients in 
the primary stage can be cured by surgical resection. However, a majority of patients in the advanced 
stage eventually succumb to this disease [3]. Although surgery, radiotherapy and chemotherapy are 
regarded as important parts of the systemic therapy for metastatic esophageal carcinoma, the success of 
such treatments have been weakened by their severe systemic toxicities and local irritating effects. 
Therefore, in order to enhance efficacy and reduce toxicity, researchers have urgently tried to develop 
novel regimens with fewer side effects against esophageal carcinoma [4]. 

Plant-derived herbal medicines have been used in several Asian countries including China for a 
long time. Some plant compounds have anticancer activity with low toxicity and could be used as 
alternative chemotherapeutic agents for carcinomas [5]. Garlic, as an herbal medicine, has antimicrobial, 
antiplatelet, antithrombotic, antiarthritic and antitumorigenic properties [6]. Diallyl disulfide (DADS), 
CH2=CH-CH2-S-S-CH2CH=CH2, is a lipid-soluble organic compound isolated from garlic. 
Scientific investigations have shown that DADS reduces the risk of cardiovascular disease and 
diabetes [7], serves as anti-oxidant [8], fights against infections [9], and exhibits significant protection 
effects against malignancies [10-12]. Moreover, in human breast cancer MCF-7 cells, the apoptotic 
effect of DADS is even superior to chemotherapy agents such as 5F-dUMP (5-Fu) and 
cyclophosphamide (CTX) [13]. 

Considering limited data on DADS bioavailability, additional studies are warranted to check the 
effects of DADS in animal models of esophageal carcinoma [11,14]. Moreover, the molecular 
mechanisms of DADS on various carcinomas are still a matter of debate and the exact effects of 
DADS in vivo on esophageal carcinoma are still unclear. Therefore, in the present study, we used an 
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ECA109 xenograft model in nude mice to study the effect of DADS on tumor growth. Additionally, 
we investigated the potential biomarkers and associated molecular alterations in ECA109 xenograft 
tumor. This is the first study to evaluate the potential effects and mechanisms of DADS on human 
esophageal carcinoma in vivo. 

2. Results and Discussion 

2.1. Diallyl Disulfide (DADS) Inhibits Cell Viability 

The MTT assay was used to detect the viability inhibitory effects of ECA109 cells and L02 cells 
incubated with various concentrations of DADS (10-60 |ig/mL) for 24 h. DADS was dissolved in 
DMSO, and mixed with RPMI-1640 for experiments in vitro. The concentration of DMSO added to 
the medium of DADS was less than 0.01%. The medium with DMSO and in absence of DADS was 
used as the control group. In addition, we detected the difference of EGA 109 cells incubated with 
DADS and c/^-diammminedichloroplatinum (DDP) for 24 h. Our data showed that DADS obviously 
inhibited cell viability in a dose-dependent manner at concentrations of 10-60 |Lig/mL for 24 h 
{p < 0.05, Figure 1). Moreover, DADS had much lower cytotoxicity to L02 normal liver cells than 
ECA109 esophageal carcinoma cells {p < 0.05, Figure 1). Our data shows that DDP was more 
effective than DADS on ECA109 cells in vitro (p < 0.05, Figure 2); DDP was used as positive control 
for in vivo study. 

Figure 1. Viability inhibitory effects of diallyl disulfide (DADS) on ECA109 cells and L02 
cells. ECA109 and L02 cells were incubated with different doses of DADS (0, 10, 20, 30, 
40, 50, 60 |ig/mL) for 24 h respectively. Cell viability was detected by MTT assay and was 
represented as the percentage of relative absorbance. Data are expressed as the mean ± SD 
from five independent experiments p < 0.05, p < 0.01 compared with the control 
group, #p< 0.05, ##p< 0.01 ECA109 compared with L02). 
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Figure 2. Viability inhibitory effects of DADS and c/^-diammminedichloroplatinum 
(DDP) on ECA109 cells. ECA109 cells were incubated with different doses of DADS and 
DDP (0, 10, 20, 30, 40, 50, 60 |Lig/mL) for 24 h respectively. Cell viability was detected 
by MTT assay and was represented as the percentage of relative absorbance. Data are 
expressed as the mean ± SD from five independent experiments p < 0.05, p < 0.01 
compared with the control group, ##p < 0.01 DDP compared with DADS). 
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2.2. DADS-Induced Apoptosis 

ECA109 cells were examined by phase contrast microscopy after being incubated with different 
concentrations of DADS (0, 20, 40, 80 |ig/mL) for 24 h. The cells in the control group showed 
a typical intact appearance, whereas the DADS-treated cells displayed dose-dependent changes in cell 
shape. Membrane blebbing and formation of apoptotic bodies were found in 20 and 40 |ig/mL DADS 
groups, while cellular shrinkage, poor adherence and floating shapes were found in the 80 |ig/mL 
DADS group (Figure 3a). 

As there were too many dead cells in the 80 |Lig/mL DADS group, we explored the apoptotic rate of 
ECA109 cells incubated with different concentrations of DADS (0, 20 and 40 |Lig/mL) for 24 h 
using Annexin V-FITC and propidium iodide (PI) staining and flow cytometry. Our data showed that the 
rate of apoptosis in the 0, 20 and 40 |ig/mL DADS groups were (10.26 =b 1.45)%, (15.25 =b 2.99)% and 
(42.68 ± 4.08)% respectively. These results revealed that DADS induced the apoptosis of ECA109 cells in 
a dose-dependent manner {p < 0.05, Figure 3c). On the other hand, ECA109 cells were pretreated 
with caspase-3 inhibitor (Ac-DEVD-CHO) and then exposed to DADS for 24 h. Our results 
indicated that Ac-DEVD-CHO was able to protect ECA109 cells against DADS-induced apoptosis 
{p < 0.05, Figure 3d). 
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Figure 3. Apoptotic effects of DADS on ECA109 cells, (a) Morphology of ECA109 cells 
treated with different concentrations of DADS for 24 h and examined under phase contrast 
microscopy (x400); (b) DADS (0, 20 and 40 |ig/mL) induced dose-dependent apoptosis in 
ECA109 cells. Ac-DEVD-CHO inhibited the apoptosis induced by DADS. Apoptosis was 
assessed using Annexin V-FITC/propidium iodide (PI) double staining; (c) Statistical 
analysis of the apoptosis rate of DADS; (d) Effects of Ac-DEVD-CHO against the 
apoptosis induced by DADS. Data are expressed as the mean ± SD from three independent 
experiments p < 0.05, p < 0.01 compared with the control group, #p < 0.05, ##p < 0.01 
DADS + Ac-DEVD-CHO compared with DADS). 
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2.3. DADS Blocked the Growth of Xenograft Tumor 



To evaluate the effect of DADS on the development of esophageal carcinoma in vivo, 5x10 
ECA109 cells were injected into the flanks of nude mice. After three weeks, all the mice developed 
palpable tumors. The total of twenty-four mice were randomly divided into four groups (n = 6 per 
group). DADS was dissolved in DMSO, and mixed with phosphate buffered saline (PBS) for 
intraperitoneal injections in nude mice. The concentration of DMSO added to the medium was less 
than 0.01%. The PBS medium with DMSO in absence of DADS was utilized as the negative control 
group. Injections of DADS at 20 and 40 mg/kg body weight were done in therapy groups. Injections of 
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DDP at 2 mg/kg body wt were performed in the positive control group. These injections were made 
every three days, eight times. Compared with the negative control group, we observed significant 
difference of tumor weight in the 20 mg/kg DADS group (p < 0.05, Figure 4a), 40 mg/kg DADS 
group and DDP positive control group (/? < 0.01, Figure 4a). At the end of the study, DADS decreased 
tumor volume from 292.02 ± 27.08 mm per mouse in the negative control group to 211.95 ± 20.14, 
179.08 ± 15.95 and 122.64 ± 12.62 mm^ per mouse in 20 mg/kg DADS group (p < 0.05, Figure 4b), 
40 mg/kg DADS group and DDP positive control group < 0.01, Figure 4b) respectively. In addition, 
there was no sign of possible changes of body weight in the DADS groups compared with the negative 
control group (p > 0.05, Figure 4c). However, the data showed that there was significant loss of body 
weight in DDP positive control group compared with the negative control group and DADS therapy 
groups (p < 0.05, Figure 4c). 

Figure 4. Effects of DADS on ECA109 xenograft tumor. Nude mice were implanted with 
ECA109 cells. After the xenograft tumors became palpable, intraperitoneal injections were 
made eight times every three days, including the negative control group, 20 mg/kg DADS 
group, 40 mg/kg DADS group and 2 mg/kg DDP positive control group. Effects of DADS 
on (a) tumor volume; (b) tumor weight; and (c) body weight were recorded. Data shown in 
a-c are the average of six mice in each group, and are expressed as the mean ± SD 
p < 0.05, p < 0.01 compared with the control group). 
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2.4. DADS Inhibited Cell Proliferation and Induced Apoptosis in Xenograft Tumor 

We analyzed the effects of DADS on ECA109 tumor proliferation and apoptosis by 
immunohistochemical staining of proliferation cell nuclear antigen (PCNA) and caspase-3 
respectively. By microscopic observation, a larger number of PCNA immunoreactive cells was 
observed in the negative control group (PBS medium with DMSO and in absence of DADS was 
utilized for intraperitoneal injections in nude mice) than in the 20 and 40 mg/kg DADS groups 
(Figure 5a), which accounted for 62.79% ± 9.58%, 32.31% ± 4.13% and 19.29% ± 6.49% respectively 
{p < 0.01, Figure 5b). However, more caspase-3 immunoreactive cells were observed in the DADS 
groups than the negative control group (Figure 5a). The quantification of caspase-3 immunoreactive 
cells was 11.84% =t 2.99% in the control group, and was significantly increased to 42.37% =t 7.39% 
and 54.28% =b 6.25% in the 20 mg/kg DADS group and 40 mg/kg DADS group, respectively 
(p< 0.01, Figure 5c). 

Figure 5. Anti-proliferative and pro-apoptotic effects of DADS on ECA109 xenograft 
tumors. Tumors from the negative control group, 20 mg/kg DADS group and 40 mg/kg 
DADS group were processed for immunohistochemical staining of proliferation cell 
nuclear antigen (PCNA) (a,b) and caspase-3 (a,c). A representative picture had been 
shown for each case. Immunoreactive cells (yellow to brown) in xenograft tumors were 
enumerated and analyzed by Image-Pro Plus analysis system (Media Cybernetics, Bethesda, 
MD, USA) linked to an Olympus microscope (Olympus Corporation, Center Valley, PA, 
USA). The total number of cells was presented from all the samples in each group of five 
randomly selected microscopic fields. The data are expressed as the mean =t SD (x400) 
(** < 0.01 compared with the control group). 
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Figure 5. Cont. 
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2.5. DADS Activated Mitochondria-Dependent Pathway and Up-Regulated Bax/Bcl-2 Ratio in 
Xenograft Tumors 

It is well known that mitochondria-mediated apoptosis involves the release of cytochrome C, as 
well as the activation of caspase-9 and caspase-3. Our results from qPCR indicated that the levels of 
cytochrome C, caspase-9 and caspase-3 were stimulated in DADS groups {p < 0.01, Figure 6a). 
Moreover, DADS significantly increased the expression levels of active caspase-3 and active caspase-9 
in total proteins, as well as the expression levels of cytochrome C in cytoplasm proteins in 20 and 
40 mg/kg DADS groups by western blot analysis {p < 0.01, Figure 6c,e-g). However, DADS did not 
affect caspase-8 expression levels {p > 0.05, Figure 6a). 

On the other hand, Bcl-2 and Bax are major proteins of the mitochondria apoptosis pathway. 
Our results of qPCR showed that the expression levels of Bcl-2 decreased in the DADS groups 
{p < 0.05, Figure 6a), whereas the expression level of Bax increased only in the 40 mg/kg DADS 
group ip < 0.01, Figure 6a). Therefore, there was a significant up-regulation of the Bax/Bcl-2 ratio in 
the 40 mg/kg DADS group {p < 0.01, Figure 6b). In addition, the results of qPCR and Western blot 
suggested that DADS enhanced the expression levels of p53 in the 40 mg/kg group {p < 0.01, 
Figure 6a,e). 

2.6. DADS Alters the RAF/MEK/ERK Pathway in Xenograft Tumors 

Western blot analysis was used to evaluate the effects of DADS on the protein levels of RAFl, 
MEKl, phosphor-MEKl (p-MEKl), ERKl/2 and p-ERKl/2 in ECA109 xenograft tumors. Our results 
showed a significant down-regulation of RAFl, p-MEKl, ERKl/2 and p-ERKl/2 protein expressions in 
20 and 40 mg/kg DADS groups {p < 0.01, Figure 7b,d-f). The expression level of MEKl decreased 
in 40 mg/kg DADS group {p < 0.01, Figure 7c). These results suggested that DADS had a profound 
effect on the apoptosis in ECA109 xenograft tumor, which might be correlated with the 
RAF/MEK/ERK pathway. 
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Figure 6. DADS activated mitochondria-dependent pathway and shift in Bax/Bcl-2 ratio 
in ECA109 xenograft tumors. The mRNA and protein expression levels of caspase-3, 
caspase-8, caspase-9, cytochrome C, Bax, Bcl-2 and p53 from the negative control group, 
20 mg/kg DADS group and 40 mg/kg DADS group were assessed by qPCR and 
western blot, (a) The mRNA expressions of caspase-3, caspase-8, caspase-9, cytochrome C, 
Bax, Bcl-2 and p53; (b) Bax/Bcl-2 ratio; (c) Representative blots; Densitometric analysis 
was made on the expressions of p53 (7F5) (d); active caspase-3 (e); active caspase-9 (f) 
and cytochrome C (g). (3-Actin was used as the loading control. Data are expressed as the 
mean ± SD from three independent experiments p < 0.05, p < 0.01 compared with 
the control group). 
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Figure 7. DADS down-regulated RAF/MEK/ERK pathway in ECA109 xenograft tumor. 
The protein expression levels of RAFl, MEKl, phosphor-MEKl (p-MEKl), ERKl/2 and 
p-ERKl/2 from the negative control group, 20 mg/kg DADS group and 40 mg/kg DADS 
group were assessed by western blot analysis, (a) Representative blots. Densitometric 
analysis was made on the expressions of RAFl (b); MEKl (c); pMEKl (d); ERKl/2 (e) 
and pERKl/2 (f). P-Actin was used as the loading control. Data are expressed as the mean 
=t SD from three independent experiments (^^ p < 0.01 compared with the control group). 
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2. 7. Discussion 

DADS, a lipid-soluble organic compound isolated from garlic, is a potentially usefiil agent for 
cancer prevention and therapy, as it has the ability to reactivate the expression of genes in 
differentiation, cell cycle regulation, apoptosis and so on [10,12,15,16]. By using MTT assay, DADS 
showed a dose-dependent anti-viability effect on ECA109 cells in vitro. The viability inhibitory 
properties of DADS were attributed to its induction of apoptosis in human esophageal carcinoma 
ECA109 cells (Figures 1-3). Moreover, we demonstrated that DADS had much lower cytotoxicity to 
normal liver cells L02 in comparison with ECA109 carcinoma cells (Figure 1). In addition, as the data 
showed that DDP had greater effect on ECA109 cells than DADS in vitro (Figure 2), we used DDP as 
the positive control in an in vivo study. 

Studies of xenograft tumors represent well-established preclinical animal models for evaluating 
anticancer effects of test agents in vivo. Therefore, additional studies are warranted to check the effects 
of DADS by using animal models [11,14,17-19]. Researchers have injected DADS in nude mice at 
30-200 mg/kg body wt intraperitoneally [17-19]. Consistent with these data, we selected suitable 
doses of DADS at 20 and 40 mg/kg body weight. Our study showed that DADS treatment inhibited the 
growth of EC A 109 tumors in volume and weight at the two dosages used (Figure 4a,b). Importantly, 
intraperitoneal injections of DADS for eight times showed no apparent signs of toxicity. However, the 
data indicated that there was a significant loss of body weight in the DDP positive control group 
compared with the negative control group and DADS therapy groups (Figure 4c). Although we did not 
find a stronger anti-cancer effect of DADS compared to the traditional chemotherapy agent DDP, our 
study indicated that DADS could suppress the growth of ECA109 xenograft tumor effectively and had 
fewer side effects than DDP. Moreover, our data showed that DADS decreased the expression of 
tumor proliferation biomarker PCNA in the 20 and 40 mg/kg DADS groups (Figure 5a,b). Therefore, 
we suggest that DADS might be a promising candidate drug for esophageal carcinoma patients. 

Apoptosis is programmed cell death that plays a major role during cancer treatment [20]. DADS has 
the ability to induce apoptosis of some human tumor cells. However, the apoptosis induced by DADS 
involves different apoptotic genes and proteins depending on the cell types of different tumors [15,16]. 
The effects of DADS on esophageal carcinoma are still unclear, especially in vivo. Our study 
proved the apoptosis effect of DADS on ECA109 cells by using several methods. First, under light 
microscope, we observed morphology changes of apoptosis, such as membrane blebbing and 
formation of apoptotic bodies in the 20 and 40 |ig/mL DADS groups, and cellular shrinkage, poor 
adherence and fioating shapes in the 80 |ig/mL DADS group (Figure 3a). Second, we detected the 
apoptosis rate by the double-staining of Annexin V-FITC and PI. Our results revealed that DADS 
induced the apoptosis of ECA109 cells in a dose-dependent manner (Figure 3b,c). In addition, the 
study indicated that DADS might inhibit the viability of ECA109 cells by promoting apoptosis. 

Apoptosis signals are controlled by two distinct pathways, including the extrinsic pathway (death 
receptor pathway) and the intrinsic pathway (mitochondrial pathway) [21]. Caspases are cysteine 
proteases that play pivotal roles in apoptosis. Fourteen caspases have been identified based on their 
functions, which are divided into two groups (initiator caspases and effector caspases) [22]. Initiator 
caspases (caspase-2, -8, -9, and -10) are activated as a result of protein complex formation [23]. In the 
death receptor pathway, the activation of the death receptor leads to initiation of a caspase cascade 
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by caspase-8. The mitochondrial pathway is characterized by the release of cytochrome C from 
mitochondria and the activation of a caspase cascade through caspase-9 [24]. Caspase-3, -6 and -7 
function as executioners. Caspase-3 is a crucial executor that cleaves various substrates related to 
apoptosis [23,25]. Most of the apoptosis procedures induced by DADS are executed by caspase-3. 
However, some kinds of apoptosis are independent with caspase-3 [26-29]. In order to prove the 
apoptosis of DADS on ECA109 cells, we studied caspase-3 by qPCR and western blot in vitro and 
in vivo, as well as by immunohistochemical assay of xenograft tumor in vivo. Our results showed that 
the apoptosis of DADS was caspase-dependent, since caspase-3 was active during this procedure 
(Figures 5a,c and 6a,c,e) and that the pre-treatment with caspase-3 inhibitor (Ac-DEVD-CHO) could 
dramatically block the apoptosis induced by DADS (Figure 3b,d). Besides, many agents can activate 
cellular apoptotic programs through the mitochondria pathway, which triggers changes in regulatory 
factors [10]. Some soluble proteins including cytochrome C and Apaf-1, which can combine with 
caspase-9 to form the apoptosome, are released from the mitochondrial intermembrane space, and 
subsequently initiate an apoptosis cascade [30]. The mechanisms of apoptosis induced by DADS are 
different in various cells of different carcinomas. DADS induces apoptosis and promotes the activities 
of caspase-8 and caspase-9 in human colon cancer cell line (COLO 205) [26]. However, in the present 
study, our results of qPCR and western blot indicated that the activations of caspase-9 and caspase-3 
as well as the release of cytochrome C from mitochondria to cytoplasm were stimulated in DADS 
groups (Figure 6a,c,f,g), which were involved in the typical mitochondrial apoptosis pathway [24]. 
Hence, these data suggested that the apoptosis effect induced by DADS on ECA109 cells was 
caspase-dependent in vitro as well as in vivo. In addition, our results indicated that one central 
mechanism of the apoptosis inducing by DADS in esophageal xenograft tumor was the activation of 
the mitochondrial pathway, but not the death receptor pathway. 

The activation of caspases has a close relationship with the transduction of apoptosis signalling. P53 
is known to inhibit cell proliferation and induce caspase-mediated apoptosis. Bax is a key target of p53 
transcription factor in apoptosis [31]. Bcl-2, an antiapoptotic protein, is able to bind and inactivate Bax 
to modulate tumor cells responding apoptosis [32]. P53 and the Bax/Bcl-2 ratio play important roles in 
the apoptotic process. The molecular mechanisms of DADS on various carcinomas are still a matter of 
debate. DADS could up-regulate the p53 level to take part in the apoptotic processes of melanoma in 
the B16F-10 cell line and human cervical cancer Ca Ski cell line [33,34]. However, the effect of 
DADS is independent of p53 activity in the osteosarcoma Saos-2 cell line [35]. Moreover, p53 is 
increased in the colon cancer COLO 205 cell line, and is decreased in the colon cancer SW480 cell line 
by DADS treatment [26,36]. These experiments have indicated that DADS has various peculiarities in 
the treatment of different carcinomas. Moreover, even different cell lines of the same carcinoma are 
probably not alike under DADS treatment. P53 has been found to mutate in 83% esophageal squamous 
cell carcinomas [2], while p53 is highly expressed in the ECA109 cell line [37]. In the present study, 
our results of qPCR and Western blot suggested that DADS could enhance p53 expression levels in the 
two dosages of DADS groups, especially in the 40 mg/kg DADS group (Figure 6a,c,d). By qPCR 
assay, we found that mRNA expression levels of Bcl-2 were down-regulated in the two DADS groups, 
whereas the expression level of Bax was up-regulated in the 40 mg/kg DADS group (Figure 6a). 
Moreover, our data indicated the significant increase of the Bax/Bcl-2 ratio in the 40 mg/kg DADS 
group (Figure 6b), leading to the pro-apoptosis of ECA109 cells. Based on these observations, our 
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study showed that the up-regulations of p53 expression levels and the Bax/Bcl-2 ratio were involved in 
DADS-induced cell death. 

The RAF/mitogen-activated protein kinase/extracellular signal-regulated kinase (RAF/MEK/ERK) 
pathway plays a prominent role in the regulation of cell growth [38]. The RAF/MEK/ERK pathway 
can be affected by the activation of p53 [39]. ERK is a downstream component of conserved signaling 
module activated by the serine/threonine kinase, RAF. RAF can be recruited to the cellular membrane 
and activate MEK, which phosphorylates and activates ERK in turn [38]. ERK phosphorylation may 
control transcription by targeting several different regulators such as transcription factors and histone 
proteins, which result in proliferation, differentiation and protection against apoptosis [40]. DADS has 
been shown to be a histone deacetylase (HDAC) inhibitor, which has the ability to affect the growth 
and survival of tumor cells [12]. Although some studies have indicated that DADS inhibits the 
phosphorylation of ERKl/2 during the apoptotic processes of the human leukemia HL-60 cell line 
and human colon cancer COLO 205 cell line [16,41], other studies have shown that DADS activates 
ERKl/2 in human non-small cell lung cancer H1299 cell line and human nasopharyngeal carcinoma 
CNE2 cell line [15,42]. Moreover, DADS has no influence on ERKl/2 in apoptosis of the human 
prostate carcinoma DU145 cell line [10]. In the present study, our western blot results showed that the 
expression levels of RAFl, phosphor-MEKl (p-MEKl), ERKl/2 and p-ERKl/2 were inhibited in both 
the 20 and 40 mg/kg DADS groups (Figure 7a,b,d-f), and that the expression level of MEKl was 
down-regulated in the 40 mg/kg DADS group (Figure 7a,c). Based on these findings, it seemed that the 
down-regulation of the RAF/MEK/ERK signaling pathway contributed to the apoptosis induced by 
DADS in the EGA 109 xenograft tumor. Moreover, the RAF/MEK/ERK pathway might be a valuable 
therapy target for esophageal carcinoma in the future. 

3. Experimental Section 

3.1. Reagents and Antibodies 

ECA109 human esophageal carcinoma cell line and L02 human normal liver cell line were 
purchased from the Chinese Academy of Shanghai Institute of Cell Biology. DADS and DDP were 
purchased from Sigma-Aldrich Chemical Company, St. Louis, MO, USA. DMSO, MTT, propidium 
iodide (PI), phosphate buffered saline (PBS) were purchased from Sigma-Aldrich. Fetal bovine 
serums (FBS), RPMI-1640 medium and 0.25% trypsin were purchased from Hyclone Company, 
Logan, UT, USA. Trizol was purchased from Invitrogen, Grand Island, NY, USA. Annexin V-FITC 
apoptosis kit was purchased from Roche Technology Company, Branchburg, NJ, USA. PrimeScript™ 
RT Master Mix kit and SYBR® Premix Ex Taq II kit were purchased from Takara Technology 
Company, Sakado-shi, Saitama, JAPAN. Enhanced chemiluminescence (ECL) kit was purchased from 
Amersham Life Science, Arlington Heights, UK. Materials and chemicals used for electrophoresis 
were obtained from Bio-Rad Laboratories, Hercules, CA, USA. ProteoJET cytoplasmic Protein 
Extraction kit was purchased from Fermentas, Pittsburgh, PA, USA. Antibodies to RAFl, MEKl, 
phosphor-MEKl (p-MEKl), ERKl/2, phosphor-ERKl/2 (p-ERKl/2), p53 (7F5), caspase-3, active 
caspase-3, caspase-9, active caspase-9, cytochrome C and proliferation cell nuclear antigen (PCNA) 
were purchased from Cell Signaling Technology Company, Danvers, MA, USA. The P-actin antibody 
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was purchased from Santa Cruz Biotechnology, Dallas, TX, USA. Horseradish peroxidase- (HRP-) 
coupled goat anti-mouse IgG and anti-rabbit IgG (secondary antibody) were purchased from Santa 
Cruz Biotechnology. 

3.2. Cell Culture 

Human esophageal carcinoma cell line ECA109 and human normal liver cell line L02 were cultured 
in RPMI-1640 supplemented with 10% FBS under standard culture condition (37 °C, 95% humidified 
air and 5%o CO2). Exponentially growing ECA109 cells were used for all assays. 

3.3. Cell Viability Assay 

Cell viability was tested by MTT assay. ECA109 cells and L02 cells were seeded in 96-well plates 
at 1 X lO"^ cells/well and incubated with DADS or DDP (10-60 |ig/mL) in five replicates for 24 h. 
Cells treated with PBS with DMSO and in absence of DADS were used as the negative control. After 
the incubation, 5 mg/mL MTT reagent (20 |iL) was added into each well, followed by the addition 
of 150 |iL DMSO. The plates were measured at 570 nm (A570) by spectrophotometer. The percentage 
of cell viability inhibition rate was calculated according to the following formula: 

Cell viability (%) = 1 - [(A570 (control) - A570 (sample)/A570 (control)] x 100% (1) 

3.4. Apoptosis Assay 

The apoptosis rate was determined by using an Annexin V-FITC detection kit. ECA109 cells of 
5x10^ were incubated with different concentrations of DADS (0, 20, 40 |ig/mL) and 10 |iM caspase-3 
inhibitor (Ac-DEVD-CHO) with DADS for 24 h. The cells were resuspended in 100 \\L binding buffer 
at 1 X 10^ cells/mL, and incubated with 5 |liL Annexin V-FITC and 10 |iL PI for 15 min in the dark. 
Then, these cells were added into 400 |iL binding buffer and measured by flow cytometer. Apoptosis 
was analyzed by Cell Quest software (BD Biosciences, San Jose, CA, USA). 

3.5. Xenograft Tumor Assay in Vivo 

Female BALB/c nude mice (4-6 weeks old) were purchased from Beijing Experimental Animal 
Center. These mice were handled according to the Guidelines for the Care and Use of Laboratory 
Animals with the approval of the Medical Ethics Committee of the Second Affiliated Hospital of 
Xi'an Jiaotong University (ID: 2012120, 01 November 2012). Exponentially growing ECA109 cells of 
5 X 10^ were suspended in 200 |liL RPMI-1640 and injected subcutaneously into the flank of each 
mouse. After growth for three weeks, all the mice developed palpable tumors. Twenty-four mice were 
randomly divided into four groups (n = 6 per group). The intraperitoneal injections of PBS with DMSO 
and in absence of DADS as the negative control group, DADS at 20 and 40 mg/kg body weight as 
therapy groups, DDP at 2 mg/kg body weight as the positive control group were made every three days 
for eight times. Tumors were monitored every three days by measuring length and width with a vernier 
caliper (tumor volume = 0.5 x L x w^). All the mice were sacrificed three days after the last injection 
and the xenograft tumors were observed and measured. 
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3.6. Immunohistochemical Staining 

Tumor samples were formalin-fixed and paraffin-embedded. Paraffin blocks were cut serially 
at 5 |Lim thick. The sections were incubated with a specific primary antibody, such as PCNA (1:100) 
and caspase-3 (1:100), for 1 h at 37 °C followed by the overnight incubation at 4 °C in humidity 
chamber. Then, they were incubated with an appropriate biotinylated secondary antibody (1:200-1:400) 
followed by conjugated horseradish peroxidase-streptavidin and 3,3'-diaminobenzidine working 
solution, and then counterstained with hematoxylin. Immunoreactive cells (yellow to brown) were 
enumerated and analyzed by Media Cybernetics Image-Pro Plus analysis system linked to Olympus 
microscope. The total number of cells was presented from five randomly selected microscopic fields of 
every sample in each group (x400). 

3.7. Quantitative Real-Time PCR 

Total RNA was extracted from each tumor sample by Trizol method, and the quantity of RNA was 
assessed by spectrophotometry. The cDNA was obtained by reverse transcription with 1 |Lig total RNA 
by using PrimeScript™ RT Master Mix kit. qPCR was made with SYBR Premix Ex Taq^M n Perfect 
Real Time kit. All the reactions were performed on ABI qPCR System. The individual value was 
normalized by the loading control, P-actin. The mRNA expression was expressed as fold, and 
comparative cycle threshold (Ct) method was used to study the relative quantification of gene 
expression. Sequences of gene primers were listed in Table 1. 

3.8. Western Blot Assay 

ECA109 xenograft tumors of the negative control group and the two DADS groups were washed 
with cold PBS and homogenized in RIPA lysis buffer. The homogenates were centrifuged at 10,000x g 
for 10 min at 4 °C, and supematants were collected as total proteins. Moreover, cytoplasmic 
proteins were prepared by using ProteoJET cytoplasmic Protein Extraction kit according to the 
manufacturer's instruction. 

The proteins were separated by 8%-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), transferred to polyvinylidene difluoride (PVDF) membrane, and probed with a specific 
primary antibody, such as RAFl (1:1000), MEKl (1:1000), p-MEKl (1:500), ERKl/2 (1:1000), 
p-ERKl/2 (1:300), caspase-3 (1:1000), active caspase-3 (1:500), caspase-9 (1:1000), active caspase-9 
(1:500), cytochrome C, p53 (7F5) (1:1000) and p-actin (1:1000), followed by an appropriate 
peroxidase-conjugated secondary antibody (1:5000-1:10,000). The individual value was normalized 
by the loading control, p-actin. Antigen-antibody complex signals were visualized using BeyoECL 
Plus (Amersham Life Science). In addition, densitometric analysis was performed by Image J software 
(National Institutes of Health, Bethesda, MD, USA). 

3.9. Quantification and Statistic Analysis 

Quantitative data were expressed as the mean ± SD from at least three independent experiments. 
The two-tailed student's ^test was performed for paired samples, and one-way ANOVA or two-factor 
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factorial ANOVA was used for multiple groups. The p value less than 0.05 was considered significant. 
Statistical analyses were performed by SPSS 17.0 statistics software (IBM, Armonk, NY, USA). 

4. Conclusions 

In summary, the present study demonstrated that DADS suppresses esophageal tumors without any 
apparent signs of toxicity, which is in agreement with a strong increase of apoptosis both in vitro and 
in vivo. DADS inhibits ECA109 tumor proliferation through the down-regulation of PCNA. Moreover, 
DADS induces apoptosis by activating the mitochondria-dependent pathway executed by caspase-3, 
increasing p53 expression level and the Bax/Bcl-2 ratio, and down-regulating the RAF/MEK/ERK 
pathway in ECA109 xenograft tumors. Overall, our studies of DADS in cell culture and animal 
models indicate that DADS is a potentially effective and safe anti-cancer agent for esophageal 
carcinoma treatment. 
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